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57 ABSTRACT 

A method of fabricating a semiconductor structure 
includes the steps of providing a semiconductor sub 
strate having a material disposed thereon, masking the 
material with a mask having an appropriate pattern for 
forming a semiconductor structure, etching unmasked 
portions of the materialso as to form the semiconductor 
structure, wherein the etching produces a film which 
attaches onto the semiconductor structure and/or on 
the semiconductor substrate, and removing the film 
from the semiconductor structure according to the steps 
of producing a cryogenic jet stream having cryogenic 
particles therein, and directing the cryogenic jet stream 
at the film such that the crogenic jet stream impinges on 
and causes the film to decrease in temperature so that a 
high temperature gradient develops between the film 
and the semiconductor structure, the film detaching 
from the semiconductor structure and fracturing due to 
contraction caused by the decrease in temperature and 
high temperature gradient. 

17 Claims, 7 Drawing Sheets 
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FIG. 5A 
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PROCESS FOR FABRICATING A 
SEMCONDUCTOR STRUCTURE HAVING 

SDEWALLS 

RELATED U.S. PATENT APPLICATIONS 
This patent application is related to the following 

commonly assigned, co-pending, patent applications: 
U.S. Ser. No. 08/076,052, Docket No. FI9-93-041 
U.S. Ser. No. 08/076,051, Docket No. FI9-93-031 
U.S. Ser. No. 08/076,065, Docket No. FI9-93-033 
U.S. Ser. No. 08/076,053, Docket No. FI9-93-032 

TECHNICAL FIELD 

The present invention relates generally to processes 
for fabrication of semiconductor structures and, more 
particularly, to such a process which uses a cryogenic 
jet stream for removal of certain material. 

BACKGROUND OF THE INVENTION 

Dry etching techniques, such as reactive ion etching, 
have become indispensable as fine pattern delineation 
techniques in very large scale integration (VLSI) fabri 
cation. As a specific example, reactive ion etching in 
volves ion bombardment of the surface being etched. 
As pattern densities increase and device dimensions 
shrink, it is important to tightly control the degree of 
isotropy or undercutting of etching profiles. During the 
etching of silicon, oxide or metal, gases which react in 
plasma such as chlorine, bromine or iodine containing 
gases, are typically used to generate low volatility etch 
products which deposit as passivating films on sidewalls 
in order to achieve anisotropic etch profiles. In addi 
tion, etch by-products also deposit onto the substrate 
and can terminate the etching when certain underlying 
materials are reached during the etching process. 
As a specific example, fluorocarbon compounds are 

often used to etch insulator materials, such as silicon 
dioxide or silicon nitride. Carbon-polymers are depos 
ited on the sidewalls of the etched region, and are also 
deposited when the etching proceeds to the underlying 
layer material. The underlying layer material may com 
prise, for example, silicon, silicide, or metals. Carbon 
polymers deposit on these materials because the interac 
tion of the fluorocarbon radicals with these materials 
produces fewer volatile by-products. This is also the 
case for sidewalls because ion bombardment less effec 
tively initiates etching on these sloped surfaces. In both 
cases, the carbon-polymers inhibit continued etching. 
The sidewall films and etch by-products allow reac 

tive ion etching to be highly selective and to produce 
substantially anisotropic profiles. These sidewall films 
containing C, O, H, Cl, metals or other species are rela 
tively thick, chemically resistant, and less exposed to 
ion bombardment during the etching. These films are 
also produced during plasma etching where substan 
tially lession bombardmentis involved. In both types of 
etching, before subsequent processing can continue, 
these sidewall films and etch by-products must be re 
moved. In some cases, such as in metal etching, the 
sidewall films contain chlorine compounds which cause 
the fine structure to corrode if they are not removed 
within a few hours. The sidewall films and etch by-pro 
ducts contain impurities which can adversely affect the 
success of subsequent processing and ultimately the 
electrical performance of the resulting devices. 

Currently, the most widely implemented post-plas 
ma-etch cleaning processes utilize RCA cleaning, 
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2 
chemical vapors and/or wet chemical etching, utilizing 
acids, such as dilute HF, H2SO4/H2O2, and chromic 
acid. Disadvantageously, these techniques result in 
etching of thin surface films including silicon dioxide, 
silicide, metal, and cause undercut and lift-off of thin 
films. Degradation of the thin films becomes unaccept 
able as device dimensions continue to shrink. In addi 
tion, the wet chemical clean methods are unable to 
produce a substantially particle and residue free surface, 
which is critical for high yield device manufacturing. 

U.S. Pat. No. 5,025,632 to Spritzer relates to a 
method and apparatus for removing a surface layer of 
energetic material, such as solid rocket propellants, 
explosives and pyrotechnic materials, contained within 
munition casings. Spritzer discloses utilizing a wand to 
direct a cryogenic fluid spray at the material in a dry 
washout process to freeze and embrittle the surface 
layer either by precooling and fluid spray, or by spray 
alone. However, the Spritzer method does not relate to 
and is incapable of removing sidewall films and etch 
by-products from delicate, fragile, and tightly spaced 
semiconductor structures. 

SUMMARY OF THE INVENTION 

The present invention relates generally to a method 
of fabricating a semiconductor structure. A semicon 
ductor substrate having a material disposed thereon is 
provided. The material is masked with a mask having an 
appropriate pattern for forming a semiconductor struc 
ture. Unmasked portions of the material are etched so as 
to form the semiconductor structure. The etching pro 
duces a film which attaches onto the semiconductor 
structure and/or on the semiconductor substrate. The 
film is removed from the semiconductor structure by 
producing a cryogenic jet stream having cryogenic 
particles therein, and directing the cryogenic jet stream 
at the film such that the crogenic jet stream impinges on 
and causes the film to decrease in temperature so that a 
high temperature gradient develops between the film 
and the semiconductor structure, and the film detaches 
from the semiconductor structure and fractures due to 
contraction caused by the decrease in temperature and 
high temperature gradient. 
BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features, aspects and advan 
tages will be more readily apparent and better under 
stood from the following detailed description of the 
invention, in which: 

FIGS. 1A-C show successive process steps for fabri 
cating a semiconductor structure in accordance with 
the present invention, and includes a step of removing 
the mask; 
FIGS. 2A-D show successive process steps for fabri 

cating a semiconductor structure in accordance with 
the present invention, and excludes a step of removing 
the mask; 

FIGS. 3A-C illustrate removal of sidewall films from 
the semiconductor structures of FIG. 1 and FIG. 2 in 
accordance with the present invention; 

FIG. 4 shows an overall schematic illustration of an 
apparatus for producing a cryogenic jet stream in accor 
dance with the present invention; 

FIG. 5A is a micrograph showing semiconductor 
structures having sidewall film attached thereon; 

FIG. 5B is a micrograph showing the semiconductor 
structures of FIG. 5A with the sidewal film removed 
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therefrom in accordance with the present invention, 
without damaging the semiconductor structures; 

FIG. 5C is a micrograph showing the semiconductor 
structures of FIG. 5A with the sidewal film removed 
therefrom, but with damage to the semiconductor struc 
tures; and 
FIG. 6 is a plot of temperature vs. pressure which 

illustrate conditions for controlling the phases of argon. 
DETALED DESCRIPTION OF THE 
PREFERRED EMBOOMENTS 

Referring initially to FIGS. 1A-C, process steps are 
shown for fabricating a semiconductor structure in 
accordance with the present invention. As shown in 
FIG. 1A, material 5 to be etched is disposed on a sub 
strate 10. The material 5 to be etched can comprise any 
material as required for fabricating a semiconductor 
structure, such as silicon, oxide, metal, etc., and can be 
deposited or grown on the substrate 10 by conventional 
techniques. A mask 15 is produced, also by conven 
tional techniques, such as by lithographic patterning, on 
the material 5 to be etched. In order to allow for fabri 
cation of the semiconductor structure, the material 5 
should be capable of being selectively etched relative to 
the mask 15. For example, depending on the material 5 
to be etched, the mask 15 can comprise photoresist, 
oxide, nitride, or the like. 
The material 5 is then etched by conventional tech 

niques of dry etching, such as plasma etching, reactive 
ion etching, or sputter etching, to produce one or more 
semiconductor structures 30, 32 as shown in FIG. 1B. 
Reactive ion etching is used as a specific example. Gen 
erally, reactive ion etching involves a combination of 
physical and chemical etching and utilizes reactive ion 
ized gas to remove the portions of the material 5that are 
not protected by a mask 15. In order to achieve the 
required anisotropy, appropriate gas(es), such as chlo 
rine, bromine or iodine containing gases, are introduced 
during reactive ion etching to produce low volatility 
etch products which deposit as continuous films 20 on 
the sidewalls of the mask 15, and on the sidewalls 25-28 
of the semiconductor structures 30,32. These sidewal 
films 20 serve to passivate the sidewalls 25-28 of the 
semiconductor structures 30.32 for achieving aniso 
tropic etch profiles by preventing deterioration or un 
dercutting of the semiconductor structures 30,32 which 
could result from etching. In more detail, as the reactive 
ion etching proceeds with the gas(es) introduced there 
with, the sidewall films 20 first form on the exposed 
sidewalls of the mask 15, and then on the sidewalls of 
the material 5 as the sidewalls of the material 5 become 
further exposed from the etching. Subsequent to the 
etching, the sidewall films 20 must be removed. The 
removal mechanism in accordance with the present 
invention is explained in detail below. 

In accordance with the pattern of the mask 15, fabri 
cation of the semiconductor structures 30,32 oftentimes 
results in formation of a recessed or depressed area, 
such as a trench 37, between the semiconductor struc 
tures 30,32. The sidewall films 20 are bonded or at 
tached to the opposing sidewalls 26 and 27 of the semi 
conductor structures 30.32 which define the boundaries 
of the trench 37. As technology progresses and device 
dimensions continue to decrease, the dimensions of 
these trenches also continue to decrease. For example, 
in state-of-the-art CMOS technology, trench width 
dimensions are on the order of sub-0.5 micron and, in 
order to adequately remove the sidewall films 20, the 
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4. 
removal mechanism must allow for accessing the side 
walls which form the trenches. 
As shown in FIG. 1B, the sidewall films 20 generated 

during etching allows for the production of a substan 
tially anisotropic etch profile due to the minimized 
lateral etching of the material by free radicals and ion 
bombardment induced etching. 

In some situations, the etch by-products are caused to 
deposit onto the substrate 10 as etch stop films 35. These 
etch stop films 35 indicate during etching that the sub 
strate 10 has been reached and thus etching should be 
terminated. These etch stop films 35 cause the etch rate 
selectivity between the material 5 and the substrate 10. 
The etch stop films 35 may also be created on top of the 
mask 15, as shown FIG. B. As in the case of the side 
wall films 20, these etch stop films 35 must also be re 
moved subsequent to the etching. 
Heat conductance is generally poor between the side 

wall films 20 and the sidewalls 25-28, and between the 
etch stop films 35 and the substrate 10 or mask 15. This 
is due to the sidewall films 20 and etch stop films 35 
comprising material having significantly different ther 
mal conductivity properties as compared to the semi 
conductor structures 30,32. As a specific example, the 
thermal conductivity of a sidewall film comprising or 
ganic material, such as a polymer, is on the order of 
0.001 watt/cm-K., and the thermal conductivity of a 
semiconductor structure comprising, for instance, sili 
con is on the order of 0.01-1 watt/cm-K., and the ther 
mal conductivity of a metal is on the order of 1-100 
watt/cm-K. Thus, it can be appreciated that the magni 
tude of difference in thermal conductivity between the 
sidewall film and a semiconductor structure is on the 
order of 10-1,000 times; and the magnitude of differ 
ence in thermal conductivity between the sidewall film 
and metals is on the order of 1,000-10,000 times. Fur 
ther, the sidewall films 20 and etch stop films 35 attach 
relatively loosely to the semiconductor structures 30,32, 
mask 15 and substrate 10, which also causes the heat 
conductance to be poor. The mechanism by which the 
sidewall films 20 and etch stop films 35 attach is ex 
plained below. 

Generally, the sidewall films 20 and etch stop films 35 
are attached or bonded to the the sidewalls and sub 
strate by forms of chemisorption and physisorption, 
depending on the nature of the etch and the by-products 
that are created. In other words, the films have minor 
intermixing with the sidewalls and substrate and in this 
way become either chemisorbed or physisorbed there 
with. Further, the films can be crosslinked due to the 
plasma, thus creating radicals and dangling bonds. 
These radicals and dangling bonds increase the self 
cohesiveness of the films. For instance, selective oxide 
etching over silicon typically creates fluorocarbon resi 
dues that line the inner areas of the etched region. These 
residues may include inorganic material, such as silicon 
and metals, if the botton of the etched regions contain 
such inorganic material. The presence of these inor 
ganic material can affect the physical and chemical 
properties of the by-products and influence the strength 
of the bond of the by-products to the sidewalls and 
substrate. 

If the mask 15 will be required during subsequent 
processing, then the sidewall films 20 and etch stop 
films 35 are removed without stripping the mask 15. 
The resulting structures 40,42 are shown in FIG. 1C. 

Reference is now made to FIGS. 2A-D. Note that 
the processing steps shown in FIGS. 2A-B are the same 
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as those shown in FIGS. 1A-B. As shown in FIG. 2C, 
if the mask 15 is not required during subsequent process 
ing, then the mask 15 is stripped from the material 5, and 
the portions of the sidewall film 20 that were attached 
to the mask 15 now remain as a type of film referred to 
herein as a fence 20'. The fences 20' and remaining 
portions of sidewall film 20 are then removed, with the 
resulting structures 45,47 shown in FIG. 2D. 

Removal of the sidewall films 20 and fences 20', and 
etch stop films 35 is explained in greater detail hereinbe 
low. 

Reference is now made to FIGS. 3A-C, which illus 
trate removal of the sidewall films 20, etch stop films 35, 
and fences 20' shown in FIG. 1 and FIG. 2. Note that 
the removal mechanism is the same for the sidewall 
films 20, etch stop films 35 and fences 20', and thus the 
removal mechanism shall be described with reference to 
removal of the sidewall film 20 from the trench 37, and 
it should be understood that this removal mechanism is 
the same for the etch stop films 35, fences 20, and any 
other situation as may be contemplated by those skilled 
in the artin which a film or similar substance is attached 
to a semiconductor structure or component and re 
quired to be removed therefrom. Further, it should also 
be noted that the removal mechanism according to the 
invention will be the same whether the mask 15 is 
stripped before or after removal of the sidewall film 20 
therefrom. 
As shown, the sidewall films 20 is removed using a 

cryogenic gas jet stream or cryogenic aerosol 55 which 
carries cryogenic particles 55 therein. More specifi 
cally, the crogenic jet stream 55 is directed at the side 
wall films 20 such that the cryogenic jet stream 55 in 
pinges on and causes the sidewall films 20 to rapidly 
decrease in temperature and essentially freeze. Since 
heat conductivity between the sidewall films 20 and the 
semiconductor structures 30.32 is poor, impingement of 
the cryogenic jet stream 55 upon the sidewall films 20 
causes a high temperature gradient to develop between 
the sidewall films 20 and the sidewalls 25-28 of the 
semiconductor structures 30,32. The thermal stress 
caused by the rapid decrease in temperature and the 
high temperature gradient cause the sidewall films 20 to 
contract, and eventually fracture. Such fracturing re 
sults in detachment of the sidewall films 20 from the 
sidewalls 25-28 of the semiconductor structures 30,32. 

In order for the cryogenic jet stream 55 to effectively 
remove the sidewall films 20 from the sidewalls 26,27 of 
the semiconductor structures 30,32 which define the 
boundaries of trench 37, or any other such depressed or 
recessed area, while at the same time avoiding damag 
ing the semiconductor structures 30,32 during such 
removal, the physical properties of the cryogenic jet 
stream 55, and the cryogenic particles 55' being carried 
therein, must be controlled. In particular, control must 
be maintained over the direction of the cryogenic jet 
stream 55, the velocity of the cryogenic particles 55'., 
and the size or diameter of the cryogenic particles 55'. 
With reference now to FIG. 4, as described in the 

above-mentioned, commonly assigned, co-pending U.S. 
Patent Applications, which are incorporated herein by 
reference, the cryogenic jet stream 55 having cryogenic 
particles 55' therein can be formed during the expansion 
of a vapor liquid mixture. More specifically, in order to 
effectuate removal of the sidewall film 20 as described 
above, an apparatus capable of producing a cryogenic 
aerosol includes a source 60 of highly pure gas, such as 
carbon dioxide, argon, or nitrogen gas. The gas is fed 
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6 
from the source 60 to a heat exchanger 65. The heat 
exchanger 65 cools the gas to near its liquefaction or 
solidification point, i.e., within about 5-20 degrees F. 
above its gas to liquid and/or solid transition tempera 
ture, however, maintaining the majority of the gas in a 
gaseous state through the heat exchanger 65, thus form 
ing a vapor liquid mixture. The vapor liquid mixture 
from the heat exchanger 65 is fed to a nozzle 70, 
wherein the vapor liquid mixture is adiabatically ex 
panded through an orifice 75 of the nozzle 70 to a lower 
pressure so that at least a substantial portion of the 
vapor liquid mixture solidifies, and is directed at the film 
to be removed, such as the sidewall film 20. The pres 
sure in which the vapor liquid mixture expands may 
range from high vacuum to greater than atmospheric 
pressure. This expansion effectuates Joule-Thompson 
cooling of the vapor liquid mixture so as to cause the 
vapor liquid mixture to nucleate and condense into the 
cryogenic solid particles 55'. 
As mentioned above, one factor to consider is the 

direction at which the cryogenic jet stream 55 is aimed. 
The direction of the cryogenic jet stream 55 should 
allow for the majority of cryogenic particles 55' to 
penetrate into the trench 37. The specific required di 
rection of the cryogenic jet sream 55 which will allow 
for adequate penetration depends on the degree of de 
pression or recession of the trench 37. However it has 
been found that directing the cryogenic jet stream 55 at 
an angle of between approximately 20 degrees and ap 
proximately 90 degree relative to the substrate 10 pro 
vides adequate penetration into the depressed areas in 
most situations. 
Another factor to consider is the velocity of the cryo 

genic particles 55 within the cryogenic jet stream 55. In 
this regard, the cryogenic particles 55' should possess 
sufficient velocity to penetrate through any stagnant 
gas (or fluid) boundary layer that may exist on the semi 
conductor structures 30.32 as a result of the etching 
process, and to penetrate into the trench 37. Adequate 
velocity of the cryogenic particles 55' is also important 
because the cryogenic particles 55 function to sputter 
or carry away fractured sidewall film 20 after detach 
ment from the semiconductor structures 30,32. How 
ever, the velocity of the cryogenic particles 55 should 
not be overly excessive. Impact by cryogenic particles 
55' which possess excessivly high velocity may cause 
damage to the semiconductor structures 30,32 and/or 
substrate 10. Specifically, in the case of reactive ion 
etching, in order to reduce the possibility of pattern or 
structure damage, the mechanical energy produced by a 
single cryogenic particle 55' should be controlled so as 
to be below the bombardment energies of the plasma 
ions used during the etching. For example, bombard 
ment energies of plasma ions are typically on the order 
of 10 to 100 eV, concentrating into a molecule that is on 
the order of 10-20Angstrom in size. Thus, it is prefera 
ble that each cryogenic particle 55' has a velocity which 
allows the cryogenic particle 55' to impact the sidewall 
films 20 and substrate 10 with mechanical energy of 
below approximately 100 eV. However, the velocity of 
the cryogenic particles 55' cannot be excessively low 
ered. In this regard, the vapor liquid mixture must be 
adequately expanded through the orifice 75 in order to 
form the cryogenic particles 55, and the pressure of this 
expansion is a controlling factor of the velocity of the 
cryogenic particles 55'. Thus, the cryogenic particles 
55 will have a minimum velocity as dictated by the 
pressure of the expansion required for its production. It 
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has been found that the cryogenic particles 55' have a 
velocity of near sonic velocity when properly formed. 
The force at which the cryogenic particles 55' impact 
the sidewall films 20 and substrate 10 is controlled by 
velocity, as well as its size; controlling of the size of the 
cryogenic particles 55 is explained in detail below. 
The size of the cryogenic particles 55 within the 

cryogenic jet stream 55 must be controlled so as to 
allow penetration of the cryogenic particles 55' into the 
trench 37 for enabling impingement of the cryogenic 
particles 55' upon the sidewall films 20 existing on the 
sidewalls 26,27 of the semiconductor structures 30,32. A 
sufficient number of cryogenic particles 55' must pene 
trate and impinge upon these sidewall films 20 so that 
the temperature of these sidewall films 20 will be ade 
quately lowered for removal thereof from the semicon 
ductor structures 30,32; and a sufficient number of cryo 
genic particles 55 is required to effectively sputter or 
carry away the sidewall films 20 after the sidewall films 
20 are fractured and removed. The size of the cryogenic 
particles 20 should also be controlled because if the 
cryogenic particles 20 are allowed to become too large, 
impact by the cryogenic particles 20 may cause damage 
to the semiconductor structures 30,32 during removal 
of the sidewall films 20 therefrom. 

Size of the cryogenic particles 55 is discussed herein 
in terms of its mean size and, more specifically, in terms 
of the diameter of the cryogenic particles 55'. The diam 
eter of the cryogenic particles 55, carrying sonic veloc 
ity, is preferred to be less than approximately 1 micron. 
The temperature reduction caused by the expansion 

of the vapor liquid mixture through the orifice 75 allows 
the condensible vapor species within the vapor liquid 
mixture to form clusters through collisions between 
molecules. The minimum stable size of the nuclei of the 
clusters, which are precursors of the cryogenic particles 
55;, formed during this process is given by the follow 
1ng: 

ass2Ory/kTinS 

where 'o' is the surface tension, "v1' is the molecular 
volume of the nucleating species, "k” is the Boltzmann 
constant, "T" is the temperature of the gas stream after 
expansion through the orifice 75 in which the nucle 
ation occurs, and 'S' is the saturation ratio of the con 
densible species attained during the expansion and cool 
ing. A rapid expansion through the orifice 75 produces 
a significant temperature drop in the vapor liquid mix 
ture, and thus allows the condensible vapor species to 
reach saturation. The higher the attained saturation 
ratio S, the smaller the nuclei can be and remain stable 
for further growth. Rapid growth to enhance the size of 
the cryogenic particles 55' from the diffusion of vapor 
molecules onto the nuclei occurs simultaneously. 
The nuclei grow into particles by scavenging the 

vapor molecules. The rate of growth is determined by 
the collision with vapor molecules and is given by equa 
tion (1) as follows: 

where "d” is the particle diameter size, “c” is the 
mean vapor molecular speed, "Nsa' is the vapor con 
centration at saturation. The rate of growth of the cryo 
genic particles 55 is limited by the diffusion of vapor 
molecules onto the cryogenic particles 55' once the size 
of the cryogenic particles 55' is much larger than the 
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8 
mean free path of the vapor molecules, and is then given 
by equation (2) as follows: 

R=2ardDiNa(S-1) (2) 

where “D1' is the vapor molecular diffusivity. The 
cryogenic particles 55' will gradually vaporize and/or 
shrink in size if the environmental temperature and/or 
concentration of the vapor molecules do not thermody 
namically favor the existence of the material in the 
condensed phase. 
An accurate estimate of the size of the cryogenic 

particles 55 for controlling the size thereof requires the 
prediction of the saturation ratio S after the expansion. 
The mass of the vapor liquid mixture determines the 
concentration of the condensible species after the ex 
pansion. The material discharged through the orifice 75, 
which can also be defined as a restricted opening, dur 
ing the expansion is proportional to the area of the 
orifice 75 opening and the pressure of the flow prior to 
the expansion; and inversely proportional to the square 
root of the temperature of the vapor liquid mixture 
prior to the expansion. The pressure and the tempera 
ture of a material to allow it to remain as a vapor liquid 
mixture are related. 
Thus, as can be appreciated from equations (1) and 

(2), it can be concluded that the factors which control 
the size of the cryogenic particles are the pressure of 
expansion of the vapor liquid mixture, the temperature 
of the vapor liquid mixture, and the size of the orifice 
opening. As such, in order to control the size of the 
cryogenic particles, these factors must be controlled. 
As a specific example, a cryogenic jet stream, having 

cryogenic nitrogen particles therein which are submi 
cron in size, can be produced by expanding nitrogen 
vapor liquid mixture of approximately 75 psia and ap 
proximately -290 F. into the atmosphere through an 
orifice having a diameter of between approximately 
0.005' and 0.05'. With reference to FIG. 5A, sidewall 
film is shown attached to semiconductor structures 
resulting from a conventional metal etch process. A 
nitrogen jet stream produced as outlined above was able 
to remove the sidewall film from the semiconductor 
structures without damaging the semiconductor struc 
tures, and the result is shown in FIG. 5B. The semicon 
ductor structure will not be damaged when the sidewall 
film is removed therefrom using a cryogenic jet stream 
produced by expanding a nitrogen vapor liquid mixture 
through an orifice having a diameter of between 0.005" 
and 0.05'' into vacuum, wherein the nitrogen vapor 
liquid mixture has a pressure of between approximately 
11 psia and approximately 150 psia, and a temperature 
of between approximately -341 F. and -270 F. 

In another specific example, a cryogenic jet stream, 
having cryogenic nitrogen particles therein which are 
supermicron in size, can be produced by expanding a 
nitrogen vapor liquid mixture of approximately 165psia 
and approximately -265 F. into vacuum through an 
orifice having a diameter of approximately 0.1". The 
resulting cryogenic jet stream generated mechanical 
power which was significantly higher than that of the 
above-described cryogenic jet stream and when di 
rected at the semiconductor structures shown in FIG. 
5A, caused severe damage to the semiconductor struc 
tures, the results being shown in FIG.5C. 
As another specific example, argon can also be used 

for removing the sidewall films 20. As above, this can 
be achieved by expanding a vapor liquid mixture of 
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argon so as to produce an argon cryogenic jet stream 
having cryogenic argon particles therein. In this regard, 
reference is now made to FIG. 6, which shows a plot 82 
of the conditions (temperature vs. pressure) which con 
trol the phases of argon. More particularly, the solid 
lines 80 and 85 show the delineation between the differ 
ent phases of argon, and the specific phases of argon are 
labelled on the plot 82. The dashed line 90 and points 95 
will be explained hereinbelow. As can be seen on the 
plot 82, if the argon has the conditions within the 
shaded area 97, the argon is in vapor liquid form, and 
can be converted into a cryogenic argon solid particles 
when it is expanded into atmosphere and/or vacuum. A 
semiconductor structure will not be damaged when 
sidewall film is removed therefrom using a cryogenic 
jet stream produced by expanding an argon vapor liquid 
mixture through an orifice having a diameter of be 
tween 0.005'' and 0.05'' into vacuum, wherein the argon 
vapor liquid mixture has a pressure of between approxi 
mately 10 psia and approximately 300 psia, and a tem 
perature of between approximately -308 F. and -225 
F. 

In another embodiment, the size of the cryogenic 
particles 55 is further altered and thus controlled by 
using two different material. One material is used as a 
diluent to reduce the saturation ratio S of the second 
material and act as a carrier, and the second material is 
the condensible species. For example, nitrogen gas can 
be used as a diluent, and mixed with argon gas or argon 
vapor liquid mixture, for producing fine particles which 
are as small as a few nanometers in size. The diluent 
should have a lower condensation temperature than the 
expansion temperature so that the diluent will always 
remains in the gas phase and function as the carrier. The 
diluent reduces the concentration of the condensible 
species, in this example argon, and thus reduces the size 
and/or density of the argon solid particles formed 
through the expansion. It has been found that the mean 
size of the cryogenic argon particles can be controlled 
in the range of 20 nm to 3 micron in diameter when the 
mixture ratio of argon to nitrogen ranges from 10% to 
90% argon by volume. 
The use of the diluent gas also serves the purpose to 

extend the operating ranges of the condensible material. 
With reference again to FIG. 5, the points 95 indicate 
the conditions of argon liquid which will form argon 
solids using nitrogen gas as the diluent. The argon alone 
will not condense properly since it does not possess 
sufficient pressure for expansion and cooling. The use of 
nitrogen as the carrier provides additional pressure 
since it stays as the gas in this range. The dashed line 90 
represents the boundary of nitrogen as a gas, on the 
right hand side, and as a liquid or solid, on the left hand 
side. 
While the invention has been described in terms of 

specific embodiments, it is evident in view of the fore 
going description that numerous alternatives, modifica 
tions and variations will be apparent to those skilled in 
the art. Thus, the invention is intended to encompass all 
such alternatives, modifications and variations which 
fall within the scope and spirit of the invention and the 
appended claims. 
We claim: 
1. A method of fabricating a semiconductor structure, 

comprising the steps of: 
providing a semiconductor substrate having a mate 

rial disposed thereon; 

10 

15 

20 

25 

30 

35 

45 

50 

55 

65 

10 
masking said material with a mask having an appro 

priate pattern for forming a semiconductor struc 
ture; 

etching unmasked portions of said material so as to 
form said semiconductor structure, wherein said 
etching produces a film which attaches onto said 
semiconductor structure and/or on said semicon 
ductor substrate; and 

removing said film from said semiconductor structure 
according to the steps of 
producing a cryogenic jet stream having cryogenic 

particles therein; and 
directing said cryogenic jet stream at said film such 

that said crogenic jet stream impinges on and 
causes said film to decrease in temperature so 
that a high temperature gradient develops be 
tween said film and said semiconductor struc 
ture, said film detaching from said semiconduc 
tor structure and fracturing due to contraction 
caused by the decrease in temperature and high 
temperature gradient. 

2. A method according to claim 1, wherein said cryo 
genic particles are carried within said cryogenic jet 
stream at a velocity of approximately sonic velocity. 

3. A method according to claim 2, wherein the mean 
diameter of said cryogenic particles is less than approxi 
mately 1 micron. 

4. A method according to claim 1, wherein said cryo 
genic jet stream is directed at an angle of between ap 
proximately 20 degrees and 90 degrees relative to said 
Substrate. 

5. A method according to claim 1, wherein said cryo 
genic particles impact said film with mechanical energy 
of below approximately 100 eV. 

6. A method according to claim 1, further comprising 
the step of directing said detached and fractured film 
away from said semiconductor structure with said cryo 
genic jet stream. 

7. A process according to claim 1, wherein said semi 
conductor structure comprises at least one sidewall and 
said film produced during said step of etching attaches 
onto said at least one sidewall of said semiconductor 
structure for passivating said at least one sidewall of 
said semiconductor structure for preventing undercut 
ting of said semiconductor during said step of etching. 

8. A process according to claim 7, wherein said at 
least one sidewall of said semiconductor structure de 
fines a boundary of a trench, and said film produced 
during said step of etching attaches onto said at least 
one sidewall of said semiconductor structure. 

9. A process according to claim 8, wherein said step 
of removing further includes a step of controlling size of 
said cryogenic particles in said cryogenic jet stream 
such that said cryogenic particles penetrate into said 
trench and contact said film attached on said at least one 
sidewall of said semiconductor structure which defines 
said trench. 

10. A method according to claim 9, further compris 
ing the step of directing said detached and fractured 
film away from said semiconductor structure with said 
cryogenic jet stream. 

11. A method according to claim 1, wherein said 
cryogenic jet stream is produced by expanding a vapor 
liquid mixture through an orifice. 

12. A method according to claim 11, wherein said 
vapor liquid mixture is mixed with a diluent gas prior to 
expansion, said diluent gas having a lower condensation 
temperature than the temperature of the expansion. 
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13. A method according to claim 11, wherein said 
vapor liquid mixture comprises nitrogen having a pres 
sure of between approximately 11 psia and 150 psia and 
a temperature of between approximately -341 F. and 
-270 F., and said orifice has a diameter of between 
approximately 0.005" and 0.05'. 

14. A method according to claim 11, wherein said 
vapor liquid mixture comprises argon having a pressure 
of between approximately 10 psia and 300 psia and a 
temperature of between approximately -308 F. and 10 
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12 
-225 F., and said orifice has a diameter of between 
approximately 0.005" and 0.05". 

15. A method according to claim 1, further compris 
ing the step of removing said mask subsequent to said 
step of etching and prior to said step of removing. 

16. A method according to claim 1, wherein said step 
of etching comprises dry etching. 

17. A method according to claim 16, wherein said dry 
etching comprises reactive ion etching. 

se z c s : E 


